a (10,10) tube on two layers of graphite. A jellium tip and a lower contact were used to simulate the experimental geometry, and the tip contacted the NT along its entire length. The electronic structure of both the graphite and the tube is described with a simple -orbital tight binding model. I-V curves were obtained as discussed previously (21) and were fit to the experimental data with a single parameter for the NT-HOPG hopping. Sample calculations were also performed on a MWNT consisting of a (5,5) tube nested inside a (10,10) tube, and no significant differences were observed. The results of our calculations are shown along with the experimental results in Fig.  2B . We found excellent agreement, indicating that the relaxation of the momentum conservation condition (caused here by finite size effects) can account for the angular dependence of R(⌽). Furthermore, this agreement indicates that our experimental results will scale to single-walled NTs. This is consistent with calculations studying NT-NT contacts (22, 23) .
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Abundant, micrometer-scale, spherical aggregates of 2-to 5-nanometer-diameter sphalerite (ZnS) particles formed within natural biofilms dominated by relatively aerotolerant sulfate-reducing bacteria of the family Desulfobacteriaceae. The biofilm zinc concentration is about 10 6 times that of associated groundwater (0.09 to 1.1 parts per million zinc). Sphalerite also concentrates arsenic (0.01 weight %) and selenium (0.004 weight %). The almost monomineralic product results from buffering of sulfide concentrations at low values by sphalerite precipitation. These results show how microbes control metal concentrations in groundwater-and wetland-based remediation systems and suggest biological routes for formation of some low-temperature ZnS deposits.
Microbial reduction of sulfate by sulfate-reducing bacteria (SRB) in anoxic environments is the only major source of low-temperature sulfide in natural waters (1) . Sulfide can react with metals to form insoluble products (2) . Formation of ZnS by SRB under certain laboratory conditions was demonstrated in the 1950s and 1960s (3) (4) (5) . However, the microbiological, geochemical, and mineralogical interactions leading to ZnS biomineralization in complex natural systems have not been deciphered. Here we report low-temperature, biologically mediated sphalerite precipitation from dilute natural solutions. Microbial precipitation reactions such as those documented here may be central to mine-waste remediation strategies that use natural or artificial wetlands (1, 6) . By an analogous process, ancient microorganisms may have contributed to the low-temperature (or early) stages of formation of the largestratiform sediment-hosted (and other) ZnS ore deposits.
We studied biofilms collected by SCUBA divers from a flooded tunnel within carbonate rocks that host the Piquette Pb-Zn deposit (Tennyson, Wisconsin). Despite the generation of acid due to dissolution of some remaining sulfide ore, the high carbonate-buffering capacity maintains the pH between ϳ7.2 and 8.6. The water meets drinkingwater standards [Ͻ5 ppm Zn (7)], and water from nearby wells is used for this purpose ( Table 1) .
The biofilms are gray [see supplementary material (8)] because they lack ferrihydrite and goethite, which are commonly associated with bacteria in more oxidized regions of the tunnel system (9) . Characterization by optical microscopy, scanning electron microscopy (SEM), and transmission electron microscopy (TEM) (8) (Figs. 1 and 2 , A to C) revealed that cells are closely associated with spherical mineral aggregates up to 10 m in diameter (8) . Energy dispersive x-ray (Fig. 2D) , synchrotron-based x-ray photoelectron emission microscopy (PEEM), and x-ray microprobe analyses (8) show that aggregates contain abundant Zn and S. Selected area electron diffraction patterns display diffuse powder rings (Fig. 2B) . The d-values and ring-pattern structure indicate that aggregates consist of randomly oriented, finely crystalline sphalerite (ZnS). High-resolution TEM images reveal that the diameter of particles within aggregates is ϳ3 nm (8) . Thus, ϳ3-m-diameter aggregates consist of about a billion ZnS particles [compare with (10, 11) ].
The presence of sulfide within cell-associated mineral aggregates was confirmed by synchrotron-based x-ray PEEM. PEEM data also indicated the presence of sulfate. Ca-and S-rich precipitates were detected by analytical TEM. CaSO 4 ⅐ 2(H 2 O) probably formed from dissolved sulfate when the biofilms were dried.
Synchrotron-based x-ray microprobe analyses indicated that sphalerite contains As and Se, only minor Fe, and no detectable Pb ( Table 2 ). Reduction of arsenate and selenate by sulfate-reducing bacteria has been reported previously (12, 13) . Using the Zn K␣ x-ray fluorescence intensity (as compared with thin-film glass standards) during interaction of the beam with a spherical 1-mdiameter aggregate (column [1] , Table 2 ), we determined that the aggregate has about 55% porosity. This is consistent with TEM data, which showed that aggregates were composed of semirandomly packed nanocrystals.
Phylogenetic studies were performed to characterize the biofilm community (8) . Small-subunit ribosomal RNA (SSU rRNA) gene analyses revealed a high diversity of SRB, all of which belonged to the family Desulfobacteriaceae (Fig. 3) . SRB clones constituted up to 38% of all bacterial clones.
One sulfide-oxidizing species (Beggiatoa sp.) was detected. This implies that the biofilm has more oxidized regions and that ZnS precipitation is localized within reduced zones of a layered microbial community. Free fatty acids were also extracted from the biofilm and analyzed [ Fig. 4 (8) ] as their fatty acid methyl ester (FAME) derivatives. The abundant iso and anteiso C 15:0 along with iso and anteiso C 17:0 FAMEs are diagnostic of sulfate-reducing bacteria and, more specifically, of Desulfobacteriaceae and Desulfovibrionaceae (14) . The 10-methyl C 16:0 FAME occurs consistently in Desulfobacter and Desulfobacterium spp. (14) .
Fluorescence in situ hybridization (8) to individual cells in environmental samples with the gene probe SRB385Db for the family Desulfobacteriaceae revealed abundant chains of elongate cells belonging to this family (8) . Cells that bound this probe were often surrounded by ZnS (Fig. 5) . This result verifies that Desulfobacteriaceae are responsible for sphalerite precipitation in the biofilm. As expected on the basis of SSU rRNA gene analysis, Desulfovibrionaceae (the other group possibly consistent with the lipid signatures) were not detected with gene probe SRB385. The almost exclusive presence of Desulfobacteriaceae in our samples could reflect the nature of the carbon sources. Phylogenetic relatives of our SRB clones (Fig. 3 ) are able to degrade alkenes or aromatics (15) .
However, appreciable amounts of BTEX (benzene, toluene, ethylbenzene, and xylene) compounds were not detected in solution. The SRB may use organic products of nearby communities of iron-oxidizing autotrophs or surface-derived organic inputs as substrates.
Some Desulfobacteriaceae are aerotolerant. This characteristic is associated with Desulfonema sp. (Fig. 3) and some of their relatives within the Desulfobacteriaceae [e.g., Desulfobacter sp. or Desulfococcus multivorans (16, 17) ]. Desulfonema can glide (18) . Filamentous relatives of Desulfonema in our samples may also be motile, allowing them to grow in close proximity to the oxic zone. The ability of the SRB assemblage to grow under only moderately reducing conditions (defined by ZnS precipitation, see below and Fig. 6 ) is central to our explanation for near exclusive precipitation of sphalerite in our samples.
Geochemical modeling was performed to investigate how microbial processes induce sphalerite precipitation from the groundwater solution. Concentrations of cations and anions ( Table 1) were input into the Geochemist's Workbench 3.0 software, and the speciation was calculated at a redox potential appropriate for bulk, relatively oxidized fluid (Eh ϩ 800 mV ). The total CO 2 concentration was set at saturation with respect to dolomite [CaMg(CO 3 ) 2 ], but dolomite precipitation was suppressed to simulate kinetic inhibition. Fluid evolution was modeled by decreasing the solution redox potential to an Eh of Ϫ200 mV, simulating the onset of reducing conditions in the biofilm ( progressing from left to right in Fig.  6 ). Sphalerite precipitated at an Eh of Ϫ122 to Ϫ132 mV (for solutions containing between 1 and 0.1 mg of Zn per liter) and buffered the Eh until Zn 2ϩ was consumed. Mackinawite (FeS), and not pyrite, is the expected iron sulfide below 100°C (19) . When the precipitation of pyrite (FeS 2 ) was suppressed, solutions became saturated with mackinawite [thermodynamic data of (19) ] below an Eh of Ϫ190 mV ( pyrite saturation occurred at an Eh below Ϫ151 mV ). Precipitation of iron sulfides in the natural open system is not expected. Zn influx by way of slowly moving groundwater solutions (thus, ZnS precipitation) will prevent the sulfide accumulation necessary to achieve an Eh consistent with precipitation of iron sulfides. Removal of sulfide by ZnS formation also prevents the development of highly reducing conditions needed for anaerobic groups of SRB.
TEM-based energy-dispersive x-ray analyses showed that SRB cultured in ZnSO 4 / FeSO 4 -containing SRB media (20) precipitated ZnS but not iron sulfides (8) . This confirms that geochemical gradients in proximity to cells can lead to saturation with respect to sphalerite without precipitation of iron sulfide, even if iron is present in appreciable concentrations.
Our results demonstrate that coupled geochemical and microbial processes can efficiently strip Zn from solutions with Zn contents of Ͻ1 ppm. This process reduces aqueous Zn (and probably As and Se) concentrations to well below acceptable levels for Table 2 . Impurity content in ZnS (wt %) determined by synchrotron-based microprobe analyses. Column [1] , results from a 1-m-diameter aggregate; column [2] , average results for four analysis points on other micrometer-scale aggregates. drinking water. On the basis of the volume of ZnS precipitated in the biofilm, we estimate that the biofilm has concentrated Zn at least 10 6 times relative to the bulk fluid.
There is considerable controversy associated with interpretation of the complex paragenetic sequences responsible for Zn ore deposit formation. Organic geochemical and isotopic indicators of biological sulfate reduction have been reported from some Pb and Zn deposits (21, 22) , and microbial precipitation of metastable iron sulfides in sediments is widely accepted. The precipitation process we document is expected to operate under a fairly wide range of temperature conditions and could readily generate mixed metal sulfide assemblages [including galena (PbS) at an Eh of Ϫ130 mV in (8) ] if heterogeneities in sulfide concentration (and thus, Eh) develop (Fig. 6) . The process may be relevant to the early stages of formation of the large sediment-hosted deposits from brines, exhalative fluids, or basinal fluids, and to formation of other low-temperature ZnS deposits. Here we apply a mass-balance model to several key tropical glaciers to determine the LGM temperature and precipitation climatologies required to produce glaciers in mass balance with surface areas that match those estimated from the geologic record. Baseline LGM temperature and precipitation values used in the glacier model were obtained from simulations conducted with the GENESIS (v. 2.01) atmospheric general circulation model (AGCM). Three multiyear simulations are considered: a present-day simulation with fixed SSTs (control), an LGM simulation in which the CLIMAP SST reconstruction is specified (CLIMAP), and an LGM simulation with an SST field in which lower tropical SSTs than those of CLIMAP are prescribed in the eastern tropical Pacific and equatorial Atlantic Oceans [Oregon State University (OSU)] (12, 13) . Other than SSTs, the GEN-ESIS simulations were run with standard prescribed boundary conditions (14) .
Monthly average values of temperature and precipitation from GENESIS were interpolated (15) onto a high-resolution (1-km) digital elevation model (DEM) (16) that resolves most, but not all, of the topographic
